• Coming back from a NATO School on Generation IV reactors, here is a summary of the significant effort and major interest on ODS for cladding applications.
Introduction
The identification and development of the new structural materials is recognized as a technological challenge for Generation-IV nuclear reactors. Oxide dispersion strengthened ferritic-martensitic (F/M) steels (ODS) have raised considerable interest in nuclear applications. They provide irradiation swelling resistance and enhanced high-temperature strength. The hightemperature creep strength of these alloys is exceptional, i.e., at 650°C it can be three to four times larger than for the traditional F/M steel HT-9 [http://nuclear.inl.gov/deliverables/docs/intg-matls-plan.pdf].
This document describes specific Gen-IV activities in France, Japan and US where promising collaborations could be established seeking fundamental knowledge of relevant Gen-IV ODS steel properties.
Gen-IV Activities in France
The French Atomic Energy Commission (CEA) is strongly involved in advancing nuclear energy technology to meet future energy needs. Jean Pierre Le-Roux, CEA Vice-Chairman, acknowledges the increasing role of Materials Science (analytical research and modeling) in predicting materials properties (metals, ceramics, and fuels). International cooperation is sought to achieve breakthroughs for the 21st century nuclear power systems. The cooperation focuses on enhancing R&D, and Gen-IV technology demonstrations. Databases of materials properties are complied and will provide input to Multi-scale Modeling of Materials and Fuels. Also, progress is being made towards harmonized international standards (design rules, safety, nonproliferation).
R&D and technical challenges are linked to high temperature and radiation damage of core and structural material exposure for the foreseen 60-year lifetime, see table below:
Gen-IV sodium fast reactors (SFR) have the highest priority in France. Recent progress was announced on SFR fuel cladding, i.e. a 2 nd generation of ODS and ferritic-martensitic (F/M) steels with carbo/nitride precipitates that could allow increased fuel burn-up up (200 GWd/t) and higher dose rates (200 dpa).
Research is ongoing on 2 other Gen-IV systems: GFR and VHTR
• The Gas Fast Reactor (GFR) is presented as an alternative to SFR. Candidate ceramic materials (CERMET, fiber strengthened and multi-layer materials) are manufactured and tested in Phenix. R&D areas focus on a new nanolaminate Ti 3 SiC 2 structure and in 2D SiC/SiC by NITE Process (Kyoto University) for GFR fuel pin of plate.
• Materials issues for VHTR are related to the Intermediate Heat Exchanger (IHX) materials (Ni-ODS) and technology (plate and tubular IHX concepts) and to C/C and SiCf/SiC composites (3D woven fibres, Hi-Nicalon) of the core with irradiation test performed at T~ 1050 o C and 1-6 dpa G.
New Testing Facilities in France
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We Simulation) . These experiments will give immediate feed-back in few weeks for doses up to 50 dpa. It is a very versatile (flux, dpa) facility oriented to modeling and parametric studies (point defects dynamics, long term kinetic pathways).
Materials Testing Reactor (MTR) experiments:
The Jules Horowitz Reactor (JHR) to be built in Cadarache (France), will be dedicated to integrated experiments for fuel and materials qualification. Generation I & III: material ageing and fuel performance & safety and Generation IV: develop and qualify new materials and fuel. 5 years in typical neutron irradiations where time has to be allowed for preparation-irradiation-cooling-testing of the samples.
Gen-IV Activities in Japan
We contacted the Core and Structural Materials group leader of the FBR System Technology Development Unit in JAEA, Dr. Masaki Inoue who presented the R&D progress of ODS steels fabrication for the Sodium Cooled Fast Breeder Reactor Fuels. Phase I of the Fast Reactor Cycle Development Program started in 2005 and will end in 2015 with a conceptual design of the commercial and demonstration fast reactor cycle facilities and their R&D programs.
ODS samples can be obtained using the appropriate license linked to the commercial patent. ODS manufacturing process is mastered. Anisotropy issues have been solved. These were due to grain boundary sliding at high temperature, which degraded the ODS creep rupture strength and loss of ductility in cladding tubes. ODS morphology control at the microstructure level is used to prevent α/γ phase formation in 9Cr ODS and re-crystallization in 12Cr-ODS. Strength and ductility levels of ODS steel cladding tubes are adequately maintained under neutron irradiation up to 15 dpa at 800K.
A full scale demonstration of ODS fuel pins performance is carried-out in the 60 MW th fast reactor BOR-60 (Russia) for 2 kinds of clad fuel pins: 1) Vibro-packed fuel with 9Cr-ODS cladding material and MOX fuel with 12Cr-ODS cladding. The goal is to reach up to 15 GWd/t burn-up. Irradiations started in June 2003 with retrieval and analysis due after 5, 10 and 15 GWD/t. Note: Specifications of the fuel pin: 6.9 mm OD, 1050 mm length, 15 wt% Pu/(Pu+U) and 9 g/cm 3 smear density.
10 / . MA956 has best hightemperature strength and oxidation resistance. MA957 has similar properties, and although not produced commercially, could be fabricated on a special order.
Introduction
Two recent papers [1, 2] investigate the synergistic effect of displacement damage, helium and hydrogen production on swelling of ferritic/martensitic steels.
Ion Beam Irradiation of FeCr Model Alloys
In the first one, single, dual and triple ion-beams consisting of Fe 3+ , He + and H + were used for irradiation of Fe-9Cr and Fe12Cr alloys to 50 dpa at 510 °C. The ion beam irradiations were carried out using TIARA facility in JAERI Takasaki The synergistic effect of He and H was shown clearly in the triple ion (Fe 3+ + He + + H + ) irradiation. The swelling was enhanced to almost 4% for the 12Cr alloy. The swelling was much higher in 9Cr than in 12Cr alloy.
The authors conclude that this synergistic effect is a general phenomenon in ferritic steels, affecting Cr concentrations.
Ion Beam Irradiations of F82H Ferritic/Martensitic Steel
This confirms a previous study carried out in 2002 [2] , where the swelling of IEA-heat F82H (Fe-8Cr-2W-0.2V-0.04Ta-0.1C) steel irradiated with triple (Fe 3+ + He + + H + ) and dual ion (Fe 3+ + He + ) beams to a dose of 50 dpa at 470 o C was about 3.2% and 0.08%, respectively. Irradiations were performed in the same TIARA facility in JAERI Takasaki.
The average swelling in F82H steel was significantly enhanced by the triple ion irradiation. Cavities formed in F82H steel irradiated at 470 °C to 50 dpa at the depth of around 1 μm under (a) triple beams of Fe 3+ , He + and H + ions and (b) dual beams of Fe 3+ and He + ions.
